Abstract: This paper concerns the reliability of thermosonically bonded 25µm Au wires in the combined high temperature with vibration conditions, under which the tests have been carried out on wire bonded 40-pin Dual-in-Line (DIL) High Temperature Co-fired Ceramic (HTCC) electronic packages. Mechanical, optical and electrical analysis has been undertaken in order to identify the failure mechanisms of bonded wires due to the combined testing. The results indicated a decrease in the electrical resistance after a few hours of testing as a result of the annealing process of the Au wire during testing. Shear and pull strength levels remained high in general after testing, showing no significant deterioration due to the test under the combined high temperature and vibration conditions. However, a trend of the variation in the strength values is identified with respect to the combined conditions for all wire bonded packages, which may be summarised as: i) increase of the testing temperature has led to a decrease of both the shear and pull strength of the wire bonds; ii) the mechanical behaviour of the wires is affected due to crystallization that leads to material softening and consequently the deformation of wire. to identify the failure mechanisms of bonded wires due to the combined testing. The results indicated a decrease in the electrical resistance after a few hours of testing as a result of the annealing process of the Au wire during testing. In general, ball shear and wire pull strength levels remained high after testing, showing no significant deterioration due to the tests under the combined high temperature and vibration conditions. However, a trend of the variation in the strength values is identified with respect to the combined conditions for all wire-bonded packages, which may be summarised as: i) increase of the testing temperature has led to a decrease of both the shear and pull strength of the wire bonds; ii) the mechanical behaviour of the wires is affected due to crystallization that leads to material softening and consequently the deformation of wire.
Introduction
Wire bonding in microelectronic packages has been used in industry for more than 60 years. Since the world's first wire bond was made in 1947, the number of wire bonds has increased every year [1] . In 2010, the wire bonding market-share for IC packaging was more than 85% (~192.2 billion wire bonded devices). The extensive use of wire bonding lies on its advantages: 1) increased yields (<25 ppm defects), 2) decreased pitch (~20µm for both wedge and ball bonds), and 3) low process cost [1] . A variety of pure and alloy materials are used in wire bonding [2] . These materials are mainly, Au for ball bonding, and Al for wedge bonding, typically bonded on Au and Al bond pads. However, due to the high price of Au, efforts are being made to replace Au with Cu. In aerospace and oil & gas applications, the wire bonded devices are subjected to a variety of loading conditions and most of the times to a combination of them. For instance, the temperature levels experienced in such applications can be up to 400°C and vibration excitation with frequencies up to 2000Hz and acceleration up to 20G rms .
The reliability of wire-bonded electronic devices has been thoroughly investigated. The main research focus is placed on the failures occurring during thermal cycling and high temperature endurance. The reliability of Au-Al metallurgical systems has been studied extensively. These systems have been proven to be unstable due to intermetallics growth and subsequent voids formation within a few hours of thermal ageing at 175˚C-200˚C which causes mechanical weakness of the bonds [3] [4] . On the other hand, research on the performance of Au wire-bonds on Au bond pad metallization has shown that these systems are more reliable due to a more stable interface between the bond and the bond pad metallization. Furthermore, the bond is not susceptible to interface corrosion or other bonddegrading conditions. Shepherd et al. [5] examined the changes in bond mechanical behaviour and the underlying microstructural stability of Au-Au metallurgical systems under 3 thermal ageing at 250˚C and 300˚C. They reported that these systems are mechanically robust in extreme environments with a stable microstructure.
In addition to problems caused by thermal exposure, electronic systems often experience vibration environments at the same time. In order to assure the long term reliability of components, the effects of vibration in combination with high temperature exposure conditions need to be investigated. However, separate environmental tests are commonly employed in qualification testing by the electronics industry, but are unable to reveal the effects of the combined conditions in terms of the failure modes and reliability. Therefore, the development of guidelines and testing standards is necessary to qualify electronic components that are required to operate in combined high temperature and vibration conditions.
Initial work has been reported by the authors to understand the effects of combined vibration and thermal loadings on wire bonded electronic devices in order to assist to the understanding of the significant degradation due to the combined testing conditions [6] [7] [8] .
Bending and distortion of wires was found to be the main failure mode as observed in the experiments. Some fractures at the bonding interfaces between the chip and substrate were also taking place. The interfacial failure at the wire-bonds, and subsequently lift-offs was found mostly on the interconnections with the substrate. Our previous work [7] on the behaviour of the wire-bonded devices with respect to the direction of the vibration has also indicated that the distortion and subsequent failure is more severe when the wires are vertically oriented to the direction of the vibration. Failure modes such as wire lift-offs and short circuits occurred more often in such a case. It has also been proven that the wire loop formation is affected by the combined testing. The distortion of the wires was mostly found under low frequency vibration and high temperatures [8] . 4 This paper reports a further investigation into the combined effects of temperature with vibration on Au wire-bonded interconnects used in the production of high temperature electronic components. The study is focused on the reliability testing of Au wire-bonds on Au bond pad metallization (hereafter refer to as Au-Au system) under the combination of temperature exposure up to 250°C and vibration loading with the sine frequency swept cycles ranging from 5Hz to 2000Hz and acceleration up to 20G rms . The wire-bonded Au-Au system has been chosen due to its promise as a reliable solution in harsh environments. This work aims to elaborate the fundamental aspects of Au-Au wire-bonds and their failure mechanisms by investigating the mechanical and electrical performance of the wire-bond interconnections where the effect of wire loop characteristics under separate and combined vibration and temperature storage tests has also been investigated.
Experimental details

Wire Bonding
The 48-pin Dual-in-Line (DIL) High Temperature Co-fired Ceramic (HTCC) devices, as seen in Figure 1 , were tested in this study. The devices were thermosonically bonded by employing a K&S 4500 semi-automatic wire bonder, using 99.9% pure Au wires of 25µm in diameter onto Au metallised bond pads. Ball-wedge bonding was performed by applying two bonding profiles in order to investigate how the loop geometry is affected by the applied testing conditions; one profile where the wires are forming a small loop and one larger (see Figure 2 for the bonding profile). The bonding parameters were optimized and provided in Table 1 . 
Combined High Temperature with Vibration Test Profile
The packages have been subjected to combined high temperature with vibration testing under a sinusoidal vibration test profile along with the temperature set at 25°C, 180°C, and
250°C in an open environment and without being hermetically sealed during testing. Constant heating at the aforementioned temperature levels was applied at the beginning of each test until the required levels have been reached, after which the vibration profile was introduced in the testing profile. The vibration test profile and parameters were based on guidelines and test procedures that are used for qualification of airborne equipment, e.g. the RTCA Aviation
Standard DO-160E [9] which was applied along with thermal loading at the aforementioned temperature levels. The motion of the vibration shaker head was vertical and in this work it was assumed that this motion was on the y axis of a three-dimensional Cartesian coordinate system, hence, the axis of vibration was the y axis (see Figure 3 ). According to industry guidelines, electronics equipment should be tested in each of the equipment's three orthogonal axes (three orientations) [9] . For the purposes of this work, those three orientations (orientations 1, 2, and 3 in Figure 3 ) were related to the axis of the vibration in order to identify the effect of the orientation of the wires on the vibration system. Therefore, the combined tests replicated three times i.e. one time for each of the equipment's orthogonal 7 axes. The duration of each test was 3 hours (one hour per axis). Sine frequency sweep cycles were performed varying the vibration frequency from the lowest (5 Hz) to the highest (2000 Hz) (up-sweep) to the lowest (down-sweep) with a logarithmic rate not exceeding 1.0 oct/min.
The acceleration was varying from 1 g-PK to 20 g-PK with the amplitude between 0.0001 to 0.1 inches (peak-to-peak). The sinusoidal vibration test curve is given in Figure 4 . An LDS V650 electro-dynamic shaker has been employed for the vibration testing. The vibration test profile was designed and applied using the m+p VibControl vibration controller and software. A specially designed hot plate was mounted on the shaker head for the heat-up of samples which were fixed on the hot plate. A thermocouple, which was attached on the hot plate close to test samples, were utilised to control the temperature. Accelerometers were fixed on the hot plate close to the wire-bonded devices to measure the input signal.
Post Testing Characterisation
The mechanical strength of the wire bonds was evaluated by means of ball shear and wire pull strength measurements with the ball shear test speed at 200 µm/s and the wire pull test speed set at 100 µm/s. One sample was used per characterisation method, therefore, forty-eight wires have been tested for the shear strength measurements and forty-four for the wire pull strength measurements. Due to the design of the bonding area, testing of the wire pull strength of the wires located at the four corners of the bonding area proved difficult as it was observed that positioning and rotation of the tool under those wires would damage the neighbouring wires thus, forty-four instead of forty-eight wires were tested for their wire pull strength. The electrical resistance values were recorded before and after each test by employing a 4-point probe measurement system with the test current set at 10mA. Finally, the mechanical deformation of the wires was observed by means of optical microscopy with the magnification varying from x5 to x100.
Experimental Results
Effects of High Temperature with Vibration Test on the Mechanical Strength of the Bonded Wires
Figures 5 and 6 are the mechanical test results of ball shear and wire pull strength respectively. The mechanical tests were conducted after the wire bonded devices have been 9 tested under the three different combinations of testing conditions, i.e. -vibration test at 25°C, 180°C and 250°C. Table 2 presents the average values for the ball shear and wire pull strength levels. The recorded wire pull strength levels for the three testing conditions are displayed in Figure 6 . All the bond pull strength levels of the wires for both bonding profiles for all the testing conditions exceeded the military standard minimum of 3 g(f) [11] , although, similarly to the shear strength results, the average wire pull strength levels decreased with increasing temperature. It is believed that the decrease in the wire pull strength is associated with a decrease in the yield strength of the wire. Decrease in the yield strength may lead to mechanical softening of the wires which could explain the low pull force values. 
Effect of High Temperature with Vibration Test on the electrical resistance of the Bonded Wires
The electrical resistance of the wire bonded packages was measured before and after the combined high temperature with vibration tests between two adjacent pins on the test package which includes two wires and the associated tracking as it can be seen from the Xray image that shows the tracks buried inside the package in Figure 7a . A 4-probe measurement system has been used for the assessment of the electrical resistance. The connector cables that were used for the electrical resistance measurements ( Figure 7b ) were connected to a micro-ohmmeter. a) b) Figure 7 . X-ray image of 48-pin DIL-HTCC package. The tracks inside the package provide connection between the pins and the bond pad 12 For the vibration tests at 25°C, 180˚C and 250˚C for 3 hours an unexpected initial electrical resistance decrease has been observed for all the samples tested under those conditions compared to the values obtained from the as-bonded samples. Thus, it has been decided to extend the duration of the testing regime to 9 hours in total and also to include temperature storage tests at 180˚C and 250˚C in the testing protocol in order to gain a better understanding of the electrical performance of the wire bonded devices. Figures 8 through 12 include the electrical resistance test results for the initial and extended test profiles. The percentage of the average electrical resistance change is depicted as a function of time.
The graph in Figure 8 shows the percentage of the average electrical resistance change of the sample tested under vibration at 25°C for 3, 6 and 9 hours. For the first 3 hours of testing the average electrical resistance decreased by -1.5% from the initial value. Further decrease (-1.07%) has been recorded after the sample has been subjected to further 3 hours of testing (6 hours in total). Finally, after testing for 9 hours in total, the resistance increased by approximately 1% compared to the previously recorded value. Similar electrical performance has been observed for the sample tested under vibration at 180˚C as seen in Figure 9 . Introducing temperature to the vibration regime resulted to Test Duration (hours) 13 relatively larger decrease (-1.51%) of the average resistance after 3 hours of testing compared to the vibration test at 25°C (-1.5%). Further decrease (-1.12%) has been observed after 6
hours of testing in total. Finally, the average resistance increased by 1.13% after 9 hours. hours of testing and an increase of 1.8% after 9 hours of testing. As previously mentioned, the testing profile has been extended to include the electrical resistance results after temperature storage of the wire bonded devices at 180˚C and 250˚C for 3, 6 and 9 hours in order to reveal the effects of temperature as a single loading condition and compare the results with those from the combined testing. Figures 11 and 12 show the percentage of the average electrical resistance change for the two aforementioned testing conditions. After temperature storage at 180˚C (Figure 11 ) for 3 hours the average electrical resistance decreased by -1.36%. Increase of the average resistance by 0.27% was recorded after 6 hours of testing and further increase of 0.9% after 9 hours of testing. In the case of temperature storage at 250˚C (Figure 12 ) for the first 3 hours, the resistance decreased by -0.7%
with a further decrease of -0.4% after 6 hours. Finally, after 9 hours of testing and increase of 1.7% has been recorded. Percentage of resistance change for the sample tested at 250˚C for 3h, 6h and 9h.
Mechanical Deformation of Bonded Wires due to High Temperature with Vibration Testing
Visual inspection has been performed to identify any wire deformation or distortion that has been induced by the applied testing conditions. As reported previously [6] , [7] , [8] , the orientation of the wires in respect to the axis of the vibration, results in different failure modes.
In the case of the vibration test at 25°C specific wire deformation patterns have been identified. While the majority of the wires remained intact after testing, two failure modes 
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were observed. Both failure modes are associated with changes in the loop characteristics.
First, the wire loop collapsed sideways causing the loop height to reduce and the wire to deform. Wires that were vertically oriented in respect to the direction of the vibration were deformed following one direction (Figure 13a ). Testing on the other two axes had the same effect on some of the wires but no particular pattern of deformation was observed. Second, the wire loop collapsed downwards (towards the Au pad). This phenomenon had two different effects i.e. the collapse caused the wires to touch the edge of the Au bonding area causing short circuiting (Figure 13b ), phenomenon that mostly observed at the large loop wires, and also the wires appeared sharply curved (kinked) at the highest point of the loop (Figure 13c ). The phenomenon mostly observed at the small loop wires. Figure 13 . Wire deformation, loop collapsed a) sideways following one direction and, loop collapsed downwards where a) the wire touched the Au bonding area and b) the wire was sharply curved after testing Figure 14 shows a deformed wire after the vibration test at 180°C. The wire loop collapsed sideways and, in addition to this phenomenon, the wire appeared kinked at the highest point of the loop. This phenomenon occurred on one of the wires that were vertically oriented towards the direction of the vibration. It is clear that the deformation caused in a vibration environment can be accelerated by temperature related effects. Figure 14 . Sharply curved and deformed wire after combined testing.
The most severe deformation occurred by the vibration test at 250°C. The same failure modes that were identified from the vibration testing at 25°C could also be seen in this case.
As it was explained above, temperature can accelerate the deformation caused in a vibration environment. As seen in Figure 15 , the majority of the wires were severely deformed following again specific deformation patterns. Figure 15a shows the deformation for the large loop wires. These particular wires were parallel to the direction of the vibration while testing.
As it was observed before, while testing on this direction, the wire deformation is random and the loop collapses sideways either left or right from the initial wire position. Deformation following one particular direction occurred for the wires that where vertically oriented to the direction of the vibration. An example can be seen in Fig. 15b . Finally, wire deformation occurred not only at the highest point of the wire loop but near the wedge bond as well, as indicated in Fig. 15c . Table 3 It is therefore concluded, based on the visual inspection of the wire bonded devices, that the orientation of the wires in respect to the direction of vibration plays an important role in the wire deformation. Thus, it is essential, when designing wire bonded devices, to take under consideration the vibration environment that they are serving and also measure the vibration response of those devices in those specific conditions. Also, another solution in order to avoid wire deformation could be to improve the mechanical properties of the Au wire by mechanical strengthening by impurity doping of 1% Si, for example [1].
Discussion
Mechanical Strength of Bonds & Wires
Shepherd et al. [5] reported small deterioration of the ball shear and wire pull strength after long-term thermal ageing at 250˚C with the ball shear and wire pull strength levels remaining high even after 2000 hours of testing. The low mechanical strength levels resulted from the combined tests in our work indicate the contribution-to-failure of the vibration effects to the temperature related effects. It is hypothesised that fatigue due to temperature applied and stresses caused on the wire bonds due to the vibration loading could be the main reasons for such a significant reduction of the mechanical strength levels. From visual inspection of the sheared ball bonds it was observed that the main failure mode was ball shear,
i.e. a thin layer of the bonding surface metallization remained with the wire bond and an impression is left in the bonding surface. Apart from the temperature related effects that caused the structural weakening at the interface between the ball bond and the bond pad, the 20 phenomenon is also believed to be associated with stresses applied to the bond due to vibration loading. Furthermore, a reduction in the wire yield strength is assumed to be associated with the low wire pull test results. Temperature associated effects were identified that led to mechanical softening of the wire and as a result most of the wires broke close to the highest point of the wire pull.
Furthermore, during the visual inspection of the wire and bond morphology after the wire pull tests, it has been observed that most of the wires broke immediately above the ball bond.
This could be explained by the grain structure of the wire at the zone above the ball bond.
The grain sizes of a wire affect the properties of the wire, including its strength. During the Au ball wire bonding process, a spark is used to melt the tip of the wire and create the free-air ball which is then pressed against the bond pad to form the ball bond. The melting of the wire has as a result the formation of coarse grains due to the fact that heat causes larger grain sizes.
As heat propagates to the wire it causes the grain size of the wire above the ball bond to increase too. This large grain area above the ball is also called heat-affected zone (HAZ). As the distance from the ball bond increases, the increase in the grain size diminishes due to less exposure to heat [1].
Electrical Performance
A general trend was identified in terms of the changes of the electrical resistance values for all the samples tested under the combined testing conditions and after thermal ageing.
This trend was similar in both testing profiles i.e. combined testing and thermal ageing and it involved a decrease of the electrical resistance for the first 6 hours of exposure to the testing conditions and an increase for further 3 hours (9 hours in total). Only in the case of thermal ageing at 180°C the electrical resistance decreased for the first 3 hours then increased for further 6 hours of testing. Table 4 shows the change tendency of the measured electrical resistance varied with the testing parameters. The values depicted in the table are the   21 percentage changes (increase (+) or decrease (-)) that were recorded after each measurement was taken at 3, 6 and 9 hours of testing.
As it can be seen in Table 4 , the combined conditions in all the three cases i.e. vibration test at room temperature, 180°C and 250°C for the first 6 hours of testing, had similar effect on the electrical resistance. For the first 3 hours the resistance decreased by approximately -1.5% for all the combined testing conditions and approximately -1.1% for further 3 hours.
Further combined testing up to 9 hours resulted in an increase of resistance which was more noticeable in the case of vibration test at 250°C. It is hypothesised that during the first 6 hours of testing the wires and bonds underwent further annealing that may have changed the material properties of the wire and the bond i.e. decrease of electrical resistance. Furthermore, internal stresses at the interface between the ball bond and the bond pad may have affected the resistance change and resulted to an increase after the 6 hours of testing. The increase of the electrical resistance after 9 hours of testing, especially for the samples tested under vibration at 250°C, indicates that those failures occurred during that period of time. Further investigation on the mechanisms that lead to an initial decrease of the electrical resistance is essential.
The contribution of vibration effect to the electrical performance of the wire bonded system is not yet fully understood. However, the results indicate that the change in the electrical resistance at high temperatures i.e. thermal ageing at 250°C follows the same pattern as after the vibration test at 250°C. Therefore, the changes in electrical resistance are most likely temperature dependent and vibration has little or no effect on the electrical resistance however further investigation is required in order to gain a full understanding. It has to be noted that measuring the resistance changes of the wire bonds proved very challenging because of the large fluctuations that can occur in the interconnections between the wires and the package during testing. Therefore, in-situ measurements of the electrical resistance would be more favourable which can provide a better understanding on the way that the wire bonded interconnects behave electrically. However, in-situ measurements proved difficult due to the nature of the testing conditions i.e. high temperature and vibration, which did not allow any of the conventional measurement techniques to be applied.
Mechanical Deformation of Bonding Wires
Specific wire deformation patterns have been identified from the combined high temperature and vibration tests due to possible changes in the mechanical properties which can be accelerated by vibration induced fatigue of the wires. The theory on the response of electronic packages to vibration dictates that the most critical location for components mounted on an electronic device, and thus the most susceptible to failure, is at the centre of the device causing the most rapid changes of curvature that occur during the fundamental resonant frequency of the device [12] . The forces and stresses that are applied during vibration excitation are related to the relative curvature of the device during its resonant condition which is linked to the displacement of the device. If the component is placed away from the centre, then the degree of curvature is reduced and therefore the relative motion between the device and the components is also reduced as seen in Figure 16 [12] . In the case 23 where the 48-pin HTCC-DIL packages the Au wires were located at the periphery of the centre of the package therefore their fatigue life is also related to the dynamic displacements developed during vibration.
Figure 16. Relative motion between the component and the PCB is reduced when the component is
mounted near the PCB edge [12] It has been observed that specific deformation patterns occur based on the wire orientation in relation to the vibration direction. Particularly, the most vulnerable orientation for the wires is the one vertical to the direction of the vibration where wire sweep is often experienced. Wire sweep and wire sag are a common problem in wire-bonded devices which can be accelerated when large loop profiles are used, especially when small bond pitch and layer pitch is required [13] . Wire sweep is the lateral movement of the wire while wire sag is the downward deformation of the wire that can result to the wire touching the bond pad or substrate which can lead to wire shorting and failure of the IC [14] . The wire sweep that occurred during the combined high temperature with vibration testing was mostly found when testing on the axis vertical to the vibration direction at 250°C.
In addition to the vibration related effects, wire softening caused by the temperature applied is also another factor that can explain the deformation of the wires. The loop characteristics (shape, height) of the Au wire are directly proportional to the mechanical characteristics of the HAZ above the ball bond; generally, the longer the HAZ, the higher the 24 loop height [1] . The hardness values of the wire tends to decrease with the distance from the ball neck until it reaches a minimum value at around 166µm, beyond which it rises rapidly until it reaches the hardness of the heat unaffected wire. The hardness dependence of the wire on the HAZ is directly connected to the grain size effect. The HAZ is the most susceptible part of the wire bond due to the large grain size in this region. As temperature is applied on the wire bond, the grain size increases therefore, the plastic properties, hence the hardness, at the HAZ deteriorate, also the hardness of the wire at the distance of 166µm resulting to a softer wire.
Conclusions
The combined effects of temperature and vibration on Au-Au wire bonded metallurgical 3. Different wire deformation patterns have been identified in each combination of loading conditions. Vibration testing as a single loading condition has caused the collapse of wires which landed onto the bonding pad causing short circuiting. Also, the wires oriented vertically to direction of the vibration deformed more severely compared to other directions, following one direction. Vibration testing at either 180˚C or 250˚C
caused mechanical softening and consequently severe deformation of the wires especially for the large loop ones.
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